Abstract. This article describes a study on the plastic behaviour of lightweight-aggregate concrete beams. The experimental results of nineteen simply supported beams previously tested by the authors were used in this study. The experimental plastic rotation capacity of the tested beams was characterized by a parameter called Plastic Trend Parameter (PTP). The main variables studied were the concrete compressive strength and the longitudinal tensile reinforcement ratio. It was found that plastic rotation capacity slightly increases as the concrete compressive strength increases. An appropriate range for the longitudinal tensile reinforcement ratio to ensure plastic rotation capacity is proposed. The results of this study were also compared with the requirements from some codes of practice. From this analysis, it was shown that ACI Code requirements give more guaranties as far as plastic rotation capacity is concerned, when compared with European codes.
Introduction
The evolution of the chemical admixtures and minerals has evolved in the last decades. For this reason, lightweight aggregate concretes (LWAC) have seen successive improvements in terms of workability, durability and compressive strength. In several structural applications, advantages exist in using concretes with higher compressive strengths and, simultaneously, lighter weights. This is because self-weight can represent a very large percentage of the total load. These applications include, for instance, slabs in high rise buildings, bridge decks, pavement rehabilitation, precast elements, etc.
It is known that some characteristics of the concrete are deteriorated by increasing compressive strength and/ or incorporating lightweight aggregates instead of normalweight aggregates. For instance, it was shown that tensile/ compressive strength ratio and fracture toughness are lower (Domagala 2011; Cui et al. 2012 ). This results in higher brittleness of the concrete (Jung et al. 2007) .
However, as far as compressive strength is concerned, tests have shown that low deformability for high strength concrete does not necessarily result in brittle behaviour of structural elements made with this material. For beams under flexure using normal strength (NS) and high strength (HS) normal-weight aggregate concrete (NWAC), several studies have shown that such elements can positively combine the relative brittleness of the concrete with an adequate amount and detailing of ductile reinforcing bars (Shin et al. 1989; Shehata, I. A. E. M., Shehata, L. C. D 1996; , 2004 .
In general, this is also true for LWAC beams. However, LWAC and NWAC beams show marked differences in their flexural ultimate behaviour (Sin et al. 2010) . For instance, the flexural ductility of HS LWAC beams (concrete compressive strength above 30 MPa (Ahmad et al. 1995) ) is lower than NWAC beams (Liu et al. 2006; Jung et al. 2007; Bernardo et al. 2014) . This is because LWAC is more brittle, both in tension and compression, when compared with NWAC. Moreover, it is expected that, for LWAC beams, the concern with ductility may arise for lower compressive strength of concrete when compared with NWAC beams (Bernardo et al. 2014) .
Some techniques to improve ductility have been studied, such as the incorporation of steel fibres into LWAC and NWAC (Balendran et al. 2002; Domagala 2011) . However, such techniques are expensive. For current structures, simple design detailing rules based on the control of key parameters to provide sufficient amount of flexural ductility are desirable.
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Research significance and previous studies
Structural elements must not only provide adequate strength but should also insure adequate ductility under overload condition. This important property is directly related to the capacity for redistributing internal forces with structural safety. Ductility is an important issue and still continues to be focused in recent studies (for instance, Lam et al. 2009a Lam et al. , 2009b Kwan, Ho 2010) .
The ductility of the structural elements depends directly on the plastic rotation capacity of the critical sections (CEB 1998; Pecce, Fabbrocino 1999; Ko et al. 2001 ). This property is related with the ductility and, therefore the results obtained by studying ductility can be confirmed.
For NWAC, codes of practice provide detailed rules to ensure sufficient flexural ductility. In general, such rules attempt to control the relative depth of the compressed concrete in failure, which strongly depends on the characteristics of steel and the mechanical ratio of tensile longitudinal reinforcement. Other factors also influence flexural ductility, such as the concrete strength, the transverse and the longitudinal compressive reinforcement ratios.
Several studies on NWAC beams, including NS and HS concrete, confirmed the influence of the abovementioned parameters (Shin et al. 1989; , 2004 . Previous studies also checked the influence of some of these parameters for LWAC beams (Ahmad, Barker 1991; Ahmad, Batts 1991; Ahmad et al. 1995) . However, the flexural behaviour of LWAC beams, including NS and HS concrete, still continues to be studied because several requirements of codes of practice continue to be based on the experimental results of NWAC beams. Recent papers about this subject, including HS LWAC beams, can be found in the literature (Liu et al. 2006; Jung et al. 2007; Sin et al. 2010; Ho, Zhou 2011; Bernardo et al. 2014) . Although some proposals for the extension of European codes of practice to include LWAC, including HS concrete, have been reported (Faust 2000; Fib 2000) , they are still not fully incorporated. This is because several aspects about flexural performance of LWAC beams are not fully clarified. This shows that more studies need to be carried out. Moreover, only a limited number of studies specifically focused on the ductility of LWAC beams under flexure still exist in the literature (Ahmad, Barker 1991; Ahmad, Batts 1991; Liu et al. 2006; Jung et al. 2007; Bernardo et al. 2014) . Also related with ductility, the rotation capacity of LWAC beams constitutes a very important issue, which should be fully studied in order to help to clarify some aspects about the flexural performance of LWAC beams.
In a previous article (Bernardo et al. 2014 ) the authors presented an experimental study on the flexural ductility of LWAC beams, by using ductility indexes. Some important findings about how concrete strength influences ductility and also on the appropriate range for the longitudinal tensile reinforcement ratio were presented. The results of this previous study were also compared with the requirements from some important codes of practice. The present article constitutes an extension of the previously referred study from the authors, and presents a study on the flexural plastic behaviour of the same set of tested beams, by using a parameter called Plastic Trend Parameter (PTP). Since ductility and plastic rotation capacity are directly related, the findings of this new study should confirm the previous findings of the authors. Moreover, no studies especially focused on the plastic rotation capacity of LWAC beams under flexure were found in the literature.
Description of the tested beams
A detailed description of the experimental work performed by the authors can be found in a previous article (Bernardo et al. 2014) . However, a brief description of the tested beams and testing procedures is presented below.
Nineteen simply supported RC LWAC beams were tested until failure. The test setup, the geometry and the detail of the reinforcement are illustrated in Figure 1 . Hotrolled ribbed steel rebars (S400) were used for the reinforcement. The concrete cover was 2 cm. Table 1 summarizes some relevant properties of each test beam, namely: the effective depth (d) of the crosssection, the average LWAC compressive strength (f lc ) and dry density (δ l ), the average Young's Modulus (E lc ), the area of longitudinal tensile reinforcement (A s ) and the reinforcement ratio r. The beams were classified into 3 series, depending on the range of concrete strength.
The mix proportions of the LWAC produced in the laboratory and the results from tensile tests carried out on samples of steel tensile reinforcement bars can be found in Bernardo et al. (2014) . The average yielding stress (f y ) varied between 503 and 575 MPa, depending on the diameter of the bars. A Young's Modulus (E s ) of 200 GPa was assumed to compute the yield strain values (ε y ). Figure 2 illustrates the beam in test position, including the location of the external measuring instruments. An external grid of Demec targets placed on one face of the beam, between the load application points, was used to measure the strains along the height of the central sections. Resistance strain gauges were fixed to the longitu- Fig. 1 . Geometry and details of test beams (Bernardo et al. 2014) dinal tensile bars to measure the evolution of strains at mid-span of the beam. Tests were performed under deformation control. Figure 3 shows a test beam after failure. Except for the first beam of each series, with the lower longitudinal tensile reinforcement ratio, all beams failed in pure flexion (on the central zone) by crushing of concrete on the compression side (upper face).
Experimental rotation and deflection curves
The total load (P) -deflection (δ) curves and the moment (M) -Curvature (c) curves for each tested beam can be found in Bernardo et al. (2014) . Figures 4(a) to 4(c) represent, for each series of beams, the experimental rotation (q) -deflection at mid span (δ) graphs.
Each graph shows experimental and theoretical curves. The theoretical curves were computed by using a theoretical elastic analysis (TEA) with homogenized section (considering the influence of the reinforcement) and a theoretical plastic analysis (TPA) of the tested beams (assuming a mechanism). The experimental and theoretical elastic rotations were obtained by multiplying the corresponding curvatures (theoretical and experimental) by a length of 1.2h, being h the height of the cross-section (Fig. 5 ). This length, according to Eurocode 2 -EC2 (NP EN 1992-1-1 2010), corresponds to the length of the local plastic hinge of beams with ductile failure. The theoretical elastic curvatures were calculated from the elastic stress and strain diagrams, assuming a pure bending state acting on the homogenized section of the beams. The theoretical elastic deflections of the beams at mid-span were calculated using tables to compute elastic deflections. Since the slopes of the straight lines for the TEA are very similar, only an average straight line was drawn in the graphs of Figures 4(a) to 4(c). To compute the theoretical plastic rotation-deflection relationship (Eqn (1)), a global mechanism with a plastic hinge located at the mid-span section was assumed ( Fig. 6 ): (Bernardo et al. 2014) 2 arctan 1200
The points of the experimental curves q-δ were obtained directly from the experimental values recorded during testing. The experimental rotation q represents the rotation between the two surrounding sections of the plastic hinge. This rotation was obtained by multiplying the experimental curvatures by the length of the plastic hinge (1.2h), as also done for the TEA. The experimental curvatures were obtained from the experimental strains along the height of the sections in the failure zone. These were measured from the external grid of Demec targets.
As previously showed by Bernardo et al. (2014) , in the first beams of each series with the lowest tensile reinforcement ratio (Table 1) , the reinforcement yielded suddenly after the first concrete crack occurred. Due to the limitation of the measuring instruments, it was not possible to record accurately the readings for the deformation state of these beams until the effective failure of the steel bars. For this reason, the results of these beams were not used by Bernardo et al. (2014) to study the flexural ductility. In this sense, these beams were also excluded in this study to evaluate the plastic rotation capacity and they are not presented in Figures 4(a) to 4(c). Furthermore, the tensile longitudinal reinforcement of Beam 3(51.6-2.69) didn't yield before failure (brittle failure), so the behaviour of this beam lies entirely in the elastic behaviour. For this reason, Beam 3(51.6-2.69) is also not included in Figures 4(a) to 4(c).
It should be noted that the experimental rotations drawn on the graphs in Figures 4(a) to 4(c) include both the elastic and plastic parts of the rotation. Therefore, they are referred to as total rotations. 
From Figures 4(a) to 4(c) it can be seen that all beams show an almost perfect elastic behaviour during a relatively short interval of the deformations. The points of the curves from which the experimental values start to shift from the theoretical linear response correspond to the yielding of the tensile longitudinal reinforcement. When these points are reached, the experimental rotation (q) suddenly increases and the curve adopt new slopes that lie between the two straight lines of the theoretical analyses (TPA and TEA).
Plastic rotation capacity

Evaluation of the plastic trend parameter
In this section, the experimental and purely plastic behaviour of the tested beams is evaluated by analysing the experimental values for the plastic rotation. An experimental parameter, called Plastic Trend Parameter (PTP), was previously proposed and used in other studies to characterize the plastic rotation capacity of NWAC beams. These studies included NS and HC concrete beams under pure bending (Bernardo, Lopes 2009 ) as well as similar beams with the compressive concrete area confined with internal stirrups (Bernardo et al. 2008) . Moreover, PTP has also been adapted and used to characterize the plastic twist capacity of hollow beams under torsion (Bernardo, Lopes 2013) . From these earlier studies, it was found that the proposed PTP is very suitable to characterize and study the experimental plastic behaviour of RC beams. For this reason, PTP was considered sufficiently reliable to be also used in the present study to characterize the plastic rotation capacity of the tested LWAC beams under flexure.
In the next paragraphs, a summary of the calculation procedure to compute the PTP is presented.
As previously referred (Section 3), the experimental values of the rotations plotted in Figures 4(a) to 4(c) include the elastic and plastic part of the rotation. In order to study only the plastic part of the rotation, the elastic part has to be eliminated from the experimental rotations. To achieve this goal, for each tested beam and for each deformation step, the elastic rotation computed from the TEA (Fig. 4) was subtracted from the experimental rotation q. From this calculation, the experimental plastic rotation (q p ) -deflection at mid span (δ) graphs are plotted for each series of beams in Figures 7(a) to 7(c).
The axes of the graphs in Figures 7(a) to 7(c) are non-dimensional for better interpretation and comparison purposes. Parameter q p,u,th represents the ultimate value of the theoretical plastic rotation computed from the TPA and corresponding to the ultimate experimental value of the deflection (δ u ).
In the graphs of Figures 7(a) to 7(c), the last value for the experimental deflection (δ) and plastic rotation (q p ) corresponds to a conventional ultimate value for the load which is defined from the P-δ graphs. As assumed by Bernardo et al. (2014) , to study the flexural ductility of the same tested beams, in this study it is also assumed that the ultimate point on the experimental P-δ curves correspond to the point of intersection between the descending branch of the curve with a horizontal line that across at the point where the reinforcement start to yield (in the ascending branch of the curve). If no intersection is found to occur between the aforementioned line and the experimental curve, the ultimate point is simply ascribed to the last point on the curve. This criterion considers that below the defined ultimate point the beam capacity to sustain substantial loads is no longer acceptable. A detailed illustration of this criterion and a discussion about its validity to analyse comparatively the flexural ductility among the tested beams can be found in Bernardo et al. (2014) . Since the plastic rotation capacity is related with the flexural ductility, the referred criterion is also considered valid to perform a comparative analysis of the plastic rotation capacity between the tested beams.
From the graphs of Figures 7(a) to 7(c), two parameters, C p,exp and C p,th , are computed. These parameters represent the area below the experimental curve (C p,exp ) and below the theoretical line corresponding to the TPA (C p,th ), respectively. From Figures 7(a) to 7(c), it can be seen that the value of C p,th is constant and equal to 0.5 for all beams. The ratio C p,exp /C p,th is called Plastic Trend 
Parameter (PTP) and provides an indication of the experimental plastic rotation capacity level compared with the theoretical perfectly plastic behaviour (TPA). Therefore, the higher the value of the PTP the larger the experimental plastic rotation capacity for a given beam. The values obtained for the PTP are summarized in Table 2. Table 2 also presents the average compressive strength of the concrete (f lcm ) for each series of beams, to be used latter (Section 4.3).
Influence of the concrete strength
In order to analyse the influence of the concrete compressive strength on the PTP, Table 3 groups the beams as a function of their reinforcement ratios (r) and presents the average longitudinal tensile reinforcement ratios values (r m ) for each group. Only groups with 3 beams at least are presented. A global analysis of Table 3 shows that the plastic rotation capacity seems to increase slightly as the concrete compressive strength increases. Figure 8 shows the evolution of the PTP with the concrete compressive strength (f lc ) for Groups I, II and III (Table 3 ). The graphs also include a line calculated with linear regression. The tendencies observed graphically confirm that, for a constant longitudinal tensile reinforcement ratio, the plastic rotation capacity of the beams increases slightly with increasing concrete compressive strength.
The tendencies observed before are very similar to the ones observed by Bernardo et al. (2014) for the same tested beams and from the study of the flexural ductility by using ductility indexes. The above tendencies also agree with the ones observed by Lopes (2003, 2009 ) based on the plastic rotation capacity analysis of NWAC beams.
As previously explained by Bernardo et al. (2014) , the flexural behaviour of RC beams is governed by the mechanical percentage of steel reinforcement (rf y /f c ). Therefore, the flexural ductility increases as the mechanical percentage of steel decreases. Hence, beams with a lower longitudinal reinforcement ratio and higher concrete compressive strength can have higher ductility than beams with a higher longitudinal reinforcement ratio and lower concrete compressive strength. Since the plastic rotation capacity is related with the flexural ductility, the above explanation is also valid to explain the observed tendencies from Figure 8. 
Influence of the tensile reinforcement ratio
The analysis of the influence of the longitudinal tensile reinforcement ratio on the PTP requires grouping the beams with similar or equal concrete compressive strength (Table 2).
A global analysis of Table 2 shows that, for each group of beams, the plastic rotation capacity tends to decrease with increasing longitudinal reinforcement ratio. This tendency seems to be enhanced for the beams with low longitudinal tensile reinforcement ratio. This behaviour, already expected, may be explained by a fall in the ultimate deformation of the beam as the longitudinal tensile reinforcement ratio increases, thereby causing a fall of the plastic rotation capacity. The above tendencies agree with the ones observed by Bernardo et al. (2014) for the same tested beams and based on the study of flexural ductility. The above tendencies also agree with the ones observed by Lopes (2003, 2009 ) based on the plastic rotation capacity analysis of NWAC beams. Figure 9 presents the graph showing the evolution of the PTP as a function of the longitudinal tensile reinforcement ratio r. Beam 3(51.6-2.69) was not included because no plastic rotation capacity was observed (PTP = 0, see Table 2 ). The graph in Figure 9 also includes a potential tendency curve, which fit well the tendency of the results. In Section 4.2, it was observed that the influence of the concrete compressive strength on the plastic rotation capacity is small, so the graph in Figure 9 includes the results for all groups of beams, regardless of concrete strength. Despite of this, the different groups of beams are identified with their average concrete compressive strength.
The graph in Figure 9 confirms the reduction of the plastic rotation capacity as the longitudinal tensile reinforcement ratio increases. This reduction is high inasmuch as the longitudinal tensile reinforcement ratio increases to a value of r ≈ 1.5-2.0%. After this value, the graph suggest that the plastic rotation capacity tends to be very small or null.
Again, the above tendencies also agree with the ones observed by Bernardo et al. (2014) (flexural ductility of LWAC beams) and Lopes (2003, 2009 ) (plastic rotation capacity of NWAC beams). However, the upper limit for the tensile reinforcement ratio reported in the last two references is r ≈ 3.0%. This limit is somewhat higher than the one previously observed for the LWAC beams analysed in this study. The previous observations seems to show that the upper limit for the longitudinal tensile reinforcement ratio compatible with good ductility and good plastic rotation capacity is somewhat smaller for LWAC beams, when compared with NWAC beams.
A comparative analysis of the results presented in this section and those in the previous one leads to the conclusion that the parameter with higher influence on the plastic rotation capacity of the LWAC beams, from the two studied, is the longitudinal tensile reinforcement ratio.
Comparative analyses with codes requirements
As previously performed by the authors (Bernardo et al. 2014) , this study also aimed to analyse some simplest design rules intended for the assurance of enough ductility in LWAC beams, in the light of the test results described in this paper and related with the plastic rotation capacity. The analysis presented in this section is only focused in the limitation of the amount of longitudinal tensile reinforcement (both maximum and minimum). This simplest approach was previously justified by Bernardo et al. (2014) and also successfully used in previous studies focused on the flexural ductility and plastic rotation capacity of RC beams , 2004 , 2009 .
The following codes of practice were analysed: Model Code 1990 -MC90 (CEB 1990), Model Code 2010 -MC2010 (Fib 2010) , Eurocode 2 -EC2 (NP EN1992-1-1 2010) and ACI 318-11 (2011) . A detailed discussion on the code rules to compute the limits for the amount of longitudinal tensile reinforcement for LWAC beams under flexure can be found in Bernardo et al. (2014) . The equations from each code of practice, as well as the values obtained for the beams, for the maximum and minimum longitudinal tensile reinforcement ratios (r min and r max ) are summarized in Table 4 . Table 4 includes the first beams of each series (beams with the lowest longitudinal tensile reinforcement ratio) as well as Beam 3(51.6-2.69) with PTP = 0 ( Table 2 ). The incorporation of the first beams of each series is important for the comparison because they suffered a premature failure due to insufficient reinforcement (bar's failure), so the codes should not allow such beams. Codes should also not allow Beam 3(51.6-2.69) which suffers a purely brittle failure due to concrete crushing.
From Table 4 , it can be seen that ACI 318-11 (2011) is clearly more restrictive as far as the maximum and minimum amount of longitudinal tensile steel reinforcement is concerned. With one exception, all codes do not allow Beams 1(23.5-0.13), 2(45.1-0.13) and 3(52.1-0.13). The exception is Beam 1(23.5-0.13) that is allowed by MC2010 (Fib 2010) . As previously referred, those beams have not a sufficient tensile reinforcement ratio. Then, it can be stated that almost all the studied codes provides adequate minimum limits for the longitudinal tensile reinforcement ratio, when applied to the tested LWAC beams. In addition, ACI 318-11 (2011) do not allow Beams 1(22.8-0.24) and 2(42.1-0.24). Such beams have low longitudinal tensile reinforcement ratios but they showed to have enough plastic rotation capacity. From this point of view, the minimum limits for the longitudinal tensile reinforcement ratio specified by ACI 318-11 (2011) seems to be somewhat excessive when applied to the tested LWAC beams.
As regards the beams with the highest longitudinal tensile reinforcement ratios, they are all allowed by the European codes. ACI 318-11 (2011) do not allow Beams Fig. 9 . Influence of reinforcement ratio on the PTP 2(43.0-2.03) and 3(51.6-2.69). Beam 3(51.6-2.69), with PTP = 0, suffered a brittle failure with no inelastic deformation and should not be allowed by the codes of practice. From this point of view, the maximum limit for the longitudinal tensile reinforcement ratio specified by ACI318 seems to be adequate when applied to the tested LWAC beams.
The previous observations show that, when compared to European codes, ACI 318-11 (2011) provides higher guaranty for plastic rotation capacity for the tested LWAC beams. This conclusion was also observed by Bernardo et al. (2014) by analysing the same beams and by studying the flexural ductility using ductility indexes. As already stated by these authors, the higher guaranty from ACI 318-11 (2011) to ensure plastic rotation capacity can be explained by the inclusion, into the equations, of the amount of reinforcement relative to concrete strength. In fact, this parameter governs the flexural behaviour of the beams. In European codes, the maximum longitudinal tensile reinforcement ratio is only fixed by mean of a constant percentage of the cross section area.
Figures 10(a) to 10(e) present graphically the PTP as a function of the longitudinal tensile reinforcement ratio, regardless of the concrete strength. The graphs also show on the background the range of normative limit values r min and r max from the codes of practice. Conventional points corresponding to the first beams of each series were also highlighted (with symbol ×). Since their plastic rotation capacity was not computed, a conventional , where d l is the oven-dry density of the LWAC (kg/m 3 )); f y , f yk = mean and characteristic value of the steel yielding stress; λ = modification factor to account for LWAC (in this study λ = 0.85, Section 8.6.1 from ACI318 2011); r b = longitudinal steel reinforcement ratio that leads to the so-called balanced strain conditions:
minimum value was assumed. The arrow drawn over the points mean that the value of the PTP is actually higher, despite these beams should not be allowed.
Figures 10(d) and 10(e) correspond to ACI 318-11 (2011) . Since the maximum tensile reinforcement ratio is related to the concrete strength, the corresponding range of values will be too large if all the beams were included in the same graph. Then, two graphs were drawn. Figure 10(d) presents the graph for the beams from Series 1, while Figure 10 (e) includes beams from Series 2 and 3 (with similar concrete strengths).
Observing Figures 10(a) to 10(e), it can be confirmed that ACI 318-11 (2011) requirements provides more guaranties as far as the plastic rotation capacity is concerned.
Conclusions
In this study, a comparative analysis on the plastic rotation capacity of LWAC beams was presented. The Plastic Trend Parameter (PTP) used in this study was found to be very suitable to characterize and study the experimental plastic rotation capacity of the tested LWAC beams.
It was observed that, for approximately constant values of concrete compressive strength, the plastic rotation capacity of the beams decreases as the longitudinal reinforcement ratio increases. The results also shown that, for similar longitudinal tensile reinforcement ratios, an increase in the concrete compressive strength causes a slight increase in the plastic rotation capacity.
The results also shown a high reduction on the plastic rotation capacity as the longitudinal tensile reinforcement ratio increases until approximately r ≈ 1.5-2.0%. After these values, plastic rotation capacity of the tested LWAC beams is very low or null (failure tends to be brittle), regardless of the compressive concrete strength. This limit for r is somewhat smaller when compared with the same one previously reported by other authors for NWAC beams. This seems to show that the range of longitudinal tensile reinforcement ratio compatible with plastic rotation capacity are somewhat lower for LWAC beams, when compared to NWAC beams. More studies are needed in order to clarify this important aspect and, eventually, to propose limit values for the reinforcement ratio for LWAC beams.
When comparing the limit values for the amount of longitudinal tensile steel reinforcement from different codes of practice, it was observed that ACI Code (ACI 318-11 2011) is more restrictive than the European codes (MC90 (Fib 1990 ), MC2010 (Fib 2010) and EC2 (NP EN1992-1-1 2010). The difference is more noticeable as far as the upper limit is concerned. When compared with the European codes, it was observed that ACI Code ensures higher plastic rotation capacity for the tested LWAC beams.
The experimental results obtained in this article by using the Plastic Trend Parameter (PTP) to study the plastic rotation capacity shown very good agreement with previous results obtained by Bernardo et al. (2014) for the same beams and based on the study of flexural ductility by using ductility indexes. 
